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Abstract An efficient calibration method has been devel-
oped for broad-bandwidth cavity enhanced absorption spec-
troscopy. The calibration is performed using phase shift
cavity ring-down spectroscopy, which is conveniently im-
plemented through use of an acousto-optic tunable filter
(AOTF). The AOTF permits a narrowband portion of the SC
spectrum to be scanned over the full high-reflectivity band-
width of the cavity mirrors. After calibration the AOTF is
switched off and broad-bandwidth CEAS can be performed
with the same light source without any loss of alignment
to the set-up. We demonstrate the merits of the method
by probing transitions of oxygen molecules O2 and colli-
sional pairs of oxygen molecules (O2)2 in the visible spec-
tral range.
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1 Introduction

Direct absorption measurement is a simple method to quan-
tify species concentrations on an absolute scale. The use of
optical resonators makes it possible to increase the effective
absorption path length by orders of magnitude, raising the
sensitivity of the technique to levels where trace gas concen-
trations can be measured. Cavity ring-down spectroscopy
(CRDS) [1] is a popular variant of this methodology and is
today a well-established method for concentration measure-
ments of trace species [2–5]. In CRDS the intensity decay
of a light pulse transmitted through the cavity is measured
in the presence and absence of absorbers. If absorbers are
present, the cavity lifetime, i.e., the photon residence time
in the cavity, shortens and the species concentration can be
determined assuming the absorption cross sections of the
probed transitions are known.

A variant of CRDS is phase shift cavity ring-down spec-
troscopy (PS-CRDS), which involves the amplitude modu-
lation of a continuous-wave (cw) light source and measure-
ment of the phase delay of the transmitted intensity through
the cavity [6, 7]. In most CRDS implementations spectral
transitions are scanned sequentially to avoid the occurrence
of complex multi-exponential intensity decays [8–10]. The
need for sequential scanning and the associated loss in time
resolution are disadvantageous, but this is offset by the fact
that CRDS measurements are self calibrating, as one simply
compares the ring-down times of empty and absorber con-
taining cavities. Emerging broadband variants of CRDS of-
fer exciting possibilities to record multi-species absorption
spectra [1, 11].

Another way of performing absorption measurements in
optical cavities is cavity enhanced absorption spectroscopy
(CEAS). CEAS is a technique related to CRDS, but here in-
tensity changes are measured rather than ring-down times
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[12, 13]. This makes CEAS simple to implement. A further
advantage is the possibility to perform multiplexed mea-
surements by simply injecting broad-bandwidth light into
the cavity. Incoherent sources such as light-emitting diodes
(LEDs) [14–16] or filament lamps [17] have been used for
broadband CEAS. Light transmitted through the cavity is
subsequently dispersed and recorded on an array detector,
and thus, full spectra can be recovered at once without any
need for sequential scanning. Compared to CRDS, disad-
vantages of CEAS are that it requires a calibration measure-
ment and is sensitive to intensity noise of the light source.
The calibration is performed either by using an absorber at
known concentration or through a measurement of the cavity
mirror reflectivity.

In this paper we focus on the use of supercontinuum ra-
diation generated in photonic crystal fibres [18] for mul-
tiplexed broad-bandwidth absorption measurements using
CEAS. Supercontinuum sources offer significant advan-
tages in optical sensing over conventional, narrow linewidth
sources, such as diode lasers [19, 20], in enabling measure-
ments at a very high measurement speed or multiplexed
measurements [21–24]. Only a few demonstrations have
been reported so far on the use of broadband light sources
such as stabilised frequency combs or supercontinuum light
in CEAS or CRDS. Gherman and Romanini demonstrated
the locking of a frequency comb to a high-finesse opti-
cal cavity for CEAS [25]. Thorpe et al. used an optical
frequency comb and a streak camera to perform broad-
band CRDS [26]. In their work a very high (>50%) optical
throughput was obtained by matching the frequency comb
to the longitudinal mode structure of the cavity. However,
active locking and stabilisation of the frequency compo-
nents make these techniques complex to implement in prac-
tical sensing environments. More recently, supercontinuum
CRDS has been realised without active matching of the lon-
gitudinal modes of the light source and the cavity [27–29].
Compared to the mode matched approach, the trade-off is a
decreased optical throughput. Johnston and Lehmann used a
supercontinuum source and CRDS to calibrate a novel prism
cavity for broad-bandwidth CEAS [27]. In that work a spec-
trometer and photon counting system were used to deter-
mine the ring-down times as a function of wavelength at
1 nm resolution. Stelmaszczyk et al. demonstrated broad-
band CRDS with supercontinuum radiation generated by fil-
aments [28, 29]. They used an ICCD camera and a spectrom-
eter featuring a resolution of 0.01–0.25 nm for the detection
of NO2 [29].

We have recently exploited supercontinuum radiation
sources in broadband CEAS (SC-CEAS) of gases [23, 24]
and liquids [30, 31]. In the gas phase, SC-CEAS can be used
for rapid acquisition of spectra over bandwidths covering ap-
proximately 100 nm. SC-CEAS allows multiple species to
be detected at trace concentrations over time scales of a sec-
ond or even less [23]. The bandwidth of SC-CEAS is limited

by the reflectivity range of available high-quality cavity mir-
rors, which typically have a bandwidth of about 10% of the
central wavelength. The bandwidth limitation can be over-
come by exploiting total internal reflection in prism cavities
[27, 32].

In the past we have accomplished calibration of SC-
CEAS using known concentrations of broadband absorb-
ers [23] but this is restricted by the non-availability of suit-
able calibration species in some spectral regions of interest.
A different approach is to perform a separate CRDS or PS-
CRDS measurement while maintaining the alignment of the
set-up [14, 15]. In this paper we present a novel approach to
calibrate SC-CEAS using the same broadband light source.
A supercontinuum radiation source and an acousto-optic
tunable filter (AOTF) are used to perform PS-CRDS. The
AOTF isolates a narrow bandwidth from the supercontin-
uum radiation and scans the centre frequency across the re-
quired measurement bandwidth whilst modulating the trans-
mitted intensity. After calibration with narrow bandwidth
CRDS, the system is switched over into a broad-bandwidth
CEAS configuration, without any loss in optical alignment.

2 Background theory

Phase shift cavity ring-down spectroscopy involves the peri-
odic intensity modulation of the light coupled into an optical
cavity. It can be shown (see e.g. [1, 33]) that the intensity of
transmitted light is described by the convolution of an ex-
ponential decay function of the cavity and the modulation
waveform. The resulting phase shift θ induced by the opti-
cal cavity is given by:

tan θ(λ) = −ωτ(λ), (1)

where ω = 2πf is the angular modulation frequency and
τ the photon residence time (lifetime) in the optical cavity.
It is worth noting that the same equation is used in other
frequency-domain lifetime measurement techniques, such
as fluorescence microscopy [33]. Just as in other configu-
rations of CRDS, the lifetime is given by [1]:

τ(λ) = d

c[| ln(Reff(λ))| + ∑
i σi(λ)

∫ d

0 ni(x)dx]
, (2)

where c is the speed of light, d the cavity length, Reff the
effective cavity reflectivity, σi the absorption cross section,
and ni the number density of an absorbing species i. The
effective reflectivity Reff depends not only on the geomet-
ric mean of the mirror reflectivities but also on the cavity
alignment and the coupling of the laser beam to the cavity.
In addition to absorption, Rayleigh scattering from the gas
molecules can affect the observed decay times, especially
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at shorter wavelengths due to the λ−4 wavelength depen-
dence. Since the effective reflectivity is typically close to
unity, the reflectivity term in the denominator of (2) may
be approximated by (1 − Reff). For cases where only one
homogeneously absorbing species is present, the expression
can thus be simplified to:

τ(λ) = d

c[(1 − Reff(λ)) + α(λ)d] , (3)

where α is the absorption coefficient. By combining equa-
tions (1) and (3) we find that the absorption coefficient re-
sulting from PS-CRDS can be expressed as:

αPS-CRDS(λ) = ω

c

[
1

tan θsample(λ)
− 1

tan θempty(λ)

]

, (4)

where θsample is the phase shift with the absorber present in
the cavity and θempty the phase shift of an empty cavity. The
sensitivity of the phase shift to changes in cavity lifetime can
be defined by differentiating equation (1):

dθ

dτ
= sin θ cos θ

τ
. (5)

It is thus clear that the sensitivity will be optimised for θ =
π/4. Therefore, an angular modulation frequency ω should
be chosen to result in ωτ ≈ 1 [7].

In the alternative case of cavity enhanced absorption
spectroscopy (CEAS), where the transmitted intensity is
recorded rather than the cavity decay time, the absorption
coefficient at the low-loss and high-reflectivity limit [17]
may be calculated according to the following equation:

αCEAS(λ) =
[
I0(λ)

I (λ)
− 1

]
1 − Reff(λ)

d
, (6)

where I0 is the intensity transmitted through an empty cavity
and I is the intensity transmitted with the absorber present.
Unlike cavity ring-down measurements, CEAS is not a self
calibrating technique and the effective cavity reflectivity
Reff must be determined by another measurement. Here we
show that supercontinuum PS-CRDS can be used to deter-
mine the effective reflectivity, and thus, enable calibrated
broadband CEAS.

3 Experimental set-up

The experimental set-up for SC-CEAS using PS-CRDS cal-
ibration is shown in Fig. 1. The fibre laser based SC light
source (Fianium SC400) has a 10 MHz repetition rate and
2 Watt total output power between 400 and 2500 nm. The fi-
bre collimator (Fianium) produces a collimated output beam
having a diameter of around 2 mm in the visible spectral re-
gion. For the experiments presented here a short-pass mir-
ror is used to remove wavelengths longer than 800 nm.

The beam is guided through an acousto-optic tunable filter
(AOTF; AA Opto Electronic nc-VIS-TN, 450–710 nm oper-
ating range). For the reflectivity calibration the set-up is run
in the PS-CRDS mode where the spectrally narrow 1st order
beam transmitted through the AOTF is selected (see beam
path B in Fig. 1). The RF driver of the AOTF has eight chan-
nels each of which can be independently controlled. In this
work only a single AOTF channel having 1.6 nm FWHM
spectral bandwidth was used. Spectrally multiplexed oper-
ation could be achieved by using multiple channels simul-
taneously. The centre wavelength of the 1st order beam can
be electronically adjusted by changing the frequency of the
RF signal driving the AOTF. The AOTF also allows for in-
tensity modulation of the 1st order beam for which a signal
generator with a sinusoidal output waveform is used. Af-
ter the AOTF the spectrally narrow beam is coupled into
a single-mode optical fibre, the output of which is coupled
to the cavity using a focusing lens and two beam steering
mirrors. A 1.13 m long optical cavity is formed by two
plano-concave mirrors (Layertech, 1 m radius of curvature,
1 inch diameter, >99.97% nominal reflectivity from 620 to
680 nm). In the PS-CRDS mode of operation, light transmit-
ted through the cavity is coupled into a multi-mode fibre and
detected using a photomultiplier tube.

The phase shift of the transmitted signal with respect to
the modulated waveform at the cavity input is measured with
a lock-in amplifier (Stanford Research Systems SR830).
Here the reference or zero phase angle θ0 was acquired after
removing one of the cavity mirrors. The reference phase an-
gle could be monitored without the mirror removal by plac-
ing a beam splitter between the AOTF and the cavity to re-
flect part of the laser beam onto a reference detector. The
lock-in amplifier and the RF driver of the AOTF are con-
nected to a personal computer and the whole experiment is
controlled with a LabVIEW program. The program causes
the AOTF to step through a series of different wavelengths
and for each wavelength the phase angle is read from the
lock-in amplifier. Here, a lock-in amplifier time constant of
3 s is used and 15 s settling time is allowed between each
wavelength step. A modulation frequency of 6–25 kHz, de-
pending on the quality of the cavity alignment, is used to
generate a phase shift of around 45°, thus maximising the
sensitivity as described above. The modulation frequency
of the AOTF is slow compared to the repetition rate of the
pulsed supercontinuum source, and therefore, the excitation
can be considered as continuous.

In the CEAS mode of operation the spectrally broader 0th
order beam of the AOTF is coupled into the single-mode fi-
bre (see beam path A in Fig. 1). A broadband interference
filter (40 nm FWHM) is used to match the bandwidth of the
0th order beam with the high-reflectivity range of the mir-
rors. The use of the single-mode fibre to couple both the 1st
(PS-CRDS mode) and 0th order beam (CEAS mode) into
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Fig. 1 Experimental set-up for broadband CEAS using PS-CRDS cal-
ibration. Beam path B is for the calibration mode where the modu-
lated 1st order beam is coupled into the cavity and the phase shift is
recorded using a PMT and lock-in amplifier. In the CEAS mode beam
path A is used where the spectrally broader, 0th order beam is coupled
into the cavity. The spectrum of transmitted light is recorded with a
spectrometer and a cooled CCD camera. SC, supercontinuum source

(Fianium SC 400); FC, fibre collimator (Fianium); IRM, infrared mir-
ror (Comar 716 GK 25); P, cube polariser; AOTF, acousto-optic tun-
able filter; IF, band pass interference filter (Comar 633 IU 12); L, lens;
SMF, single-mode fibre (Thorlabs PI-630A-FC-10); M, mirror; CM,
cavity mirror; AL, achromatic lens; MMF, multi-mode fibre (Thor-
labs M31L05); PMT, photomultiplier tube (Hamamatsu R636-10 with
C7319 preamplifier)

the cavity ensures that the launching condition remains the
same during the reflectivity calibration and the subsequent
broadband CEAS measurement. This is important as the ef-
fective reflectivity Reff in (6) depends both on the alignment
of the cavity and the coupling to the cavity. For CEAS, light
transmitted through the cavity is coupled into a 62.5 µm
multi-mode fibre and the spectrum is acquired using a grat-
ing spectrometer fitted with a cooled CCD camera.

4 Results and discussion

The reflectivity of the cavity was first measured using PS-
CRDS. The acquired phase shifts and corresponding reflec-
tivity values ((1) and (2)) for a nitrogen-flushed cavity are
plotted against wavelength in Fig. 2. The reflectivity peaks
at 0.999860 around 655 nm, and is above 0.9997 over a
70 nm wide region, which agrees very well with the man-
ufacturer’s specifications. The uncertainty in the reflectiv-
ity values was estimated by calculating the standard devi-
ation of 512 consecutive phase angle values read at 2 Hz
rate from the buffer of the lock-in amplifier. The error bars
(±3σ) in Fig. 2 correspond to the observed standard devia-
tion at each wavelength. At peak reflectivity the standard de-
viation (3σ) corresponds to a 0.6 degree uncertainty in the
phase and 3 × 10−6 uncertainty in the reflectivity, respec-
tively. The uncertainty is dominated by the precision of the
phase angle measurement with smaller uncertainties related
to the cavity length and the modulation frequency.

The spectral resolution of PS-CRDS using a single chan-
nel of the AOTF is limited to 1.6 nm FWHM. However,
after the reflectivity calibration the set-up can be switched
into the SC-CEAS mode and spectra can be acquired at
higher resolution. Figure 3 shows the magnetic dipole tran-
sition b 1	+

g (ν′ = 1)−X 3	−
g (ν′′ = 0) of O2 around 690 nm

Fig. 2 Typical phase shift of a cavity flushed with a 3 standard litres
per minute (SLPM) flow of nitrogen. The phase shifts (red squares)
were recorded over the high-reflectivity range of the mirrors at 2 nm
steps. The corresponding effective cavity reflectivity is shown by the
blue circles. The modulation frequency f was 6 kHz. In a 1.13 m long
cavity the peak reflectivity of 99.986% around 655 nm yields a cavity
lifetime of 26.9 µs corresponding to an effective absorption path length
of 8.1 km. The spectral regions of the investigated transitions of (O2)2
and O2 are also indicated

recorded using SC-CEAS after the PS-CRDS reflectivity
calibration. The individual absorption lines were resolved
at ambient conditions by using a 1.25 m focal length grat-
ing spectrometer (SPEX 1269) with a narrow input slit set-
ting, which resulted in a 0.007 nm (4.4 GHz) FWHM exper-
imental resolution. Even at this high resolution the spectral
brightness of the SC source allowed for 1 s exposure times
on the CCD camera (Andor iXon DV885, 1004 × 1002 pix-
els). For the results presented here no electron multiplying
gain of the Andor CCD cameras was used.

The high resolution limited the spectral coverage of the
detection set-up to about 1 nm, and therefore, the spectrum
shown in Fig. 3 was acquired in 6 separate sections. The
experimental spectrum was compared to a spectrum cal-



A calibration method for broad-bandwidth cavity enhanced absorption spectroscopy performed 275

Fig. 3 Upper panel: Experimental CEAS spectrum of the b–X

(1–0) transition of O2 around 690 nm (14534.9 cm−1). The cavity
was flushed with a 3 SLPM flow of 100% oxygen at 1 atm. The full
spectrum was acquired in 6 separate sections, as indicated by the ver-
tical dotted lines. For each spectral section the exposure time of the
CCD camera was 1 s. Wavelength dependent etalon effects, which are
thought to be due to the multi-mode fibre and CCD chip, were ob-
served causing some variation in the background noise levels between
the spectral sections. The baseline of the spectrum where no absorp-

tion features were observed (688.3–688.5 nm) has a standard deviation
of 5 × 10−8 cm−1. Lower panel: A theoretical spectrum calculated us-
ing spectral parameters from the HITRAN 2004 database [34]. Fitting
the theoretical and experimental spectra yields an experimental reso-
lution of 0.007 nm FHWM. Some components of the PP, PQ, RR, and
RQ branches are indicated together with their N ′′ quantum numbers
[34, 35]. The inset in the upper panel shows a magnified view of the
689–690 nm section of the experimental (blue dots) and theoretical
(red line) spectra as well as the difference of the two

culated using spectral parameters from the HITRAN 2004
database [34]. As the spectral width of the detection was
comparable to the width of the O2 absorption lines the theo-
retical spectrum was corrected for non Beer-Lambert behav-
iour [11] using the following methodology. First, the theo-
retical transmission spectrum was calculated from the single
pass absorbance spectrum, predicted using HITRAN, and
the mirror reflectivity curve. The shape of the O2 absorption
lines was modeled by a Voigt profile. This full resolution
transmission spectrum was then convoluted with the spec-
trometer lineshape function to account for the finite detector
resolution [24]. Finally the theoretical absorption coefficient
was calculated from this convoluted transmission spectrum
using (6), and is plotted in the lower panel of Fig. 3. A good
agreement between the experimental and theoretical spectra
is observed.

Despite the modest spectral resolution in the PS-CRDS
mode of operation the set-up can be used for PS-CRDS of
broadband absorbers. Applications in the analysis of liq-
uids [30, 31] can be envisaged as sub-nm resolution is not
typically required in the liquid phase. Here AOTF based
PS-CRDS was demonstrated in the gas phase by probing
the broadband absorption of the collisional pair of oxygen,

Fig. 4 Phase shift of a nitrogen (blue dots) and oxygen (red squares)
filled cavity acquired at 1 nm steps. The effective cavity reflectivity
(green circles) corresponding to the nitrogen-flushed cavity is shown
together with a polynomial fit (solid line). Here the cavity alignment
was not as good as in Fig. 2, and therefore, a slightly higher modulation
frequency of 25 kHz was used. The ambient temperature and pressure
were 21.2°C and 1017 mbar, respectively

(O2)2. The phase shifts of the cavity flushed with 100% ni-
trogen and 100% oxygen, respectively, are shown in Fig. 4.
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Fig. 5 (a) PS-CRDS spectrum of 100% oxygen around 630 nm
(15873 cm−1) corresponding to the phase shift data shown in Fig. 4.
The instrument broadened b–X (2–0) band of O2 is shown by the green
line at the bottom. The absorption profile of the a–X (0–0) transition of
(O2)2 is shown by the dotted blue line [36]. The sum of the two transi-
tions is shown by the red line, which agrees well with the experimental
data (blue dots). The error bars correspond to the standard deviation
(±1σ) of the 512 phase shift values read from the buffer of the lock-
in amplifier. (b) Supercontinuum CEAS spectrum of oxygen acquired

using 1 s exposure time. The difference between the PS-CRDS and SC-
CEAS spectra is also shown. The difference spectrum was corrected by
the small offset due to the different Rayleigh scattering cross sections
of nitrogen and oxygen. The experimental conditions in the SC-CEAS
measurement were: spectrometer resolution 2 nm FWHM, 100% oxy-
gen flow at 3 SLPM, 20.4°C ambient temperature and 1003 mbar pres-
sure. The standard deviation of the region where no absorption features
are found (590–605 nm) is 7 × 10−9 cm−1

The effective cavity reflectivity corresponding to the phase
shift of the nitrogen-flushed empty cavity is also shown.
The reflectivity curves in Figs. 2 and 4 are not corrected
by the small Rayleigh scattering contribution due to nitro-
gen molecules. The resulting PS-CRDS spectrum, calcu-
lated using (4), is shown in Fig. 5a. The observed absorp-
tion spectrum actually consists of two transitions, the broad
a 1�g + a 1�g(ν

′ = 0) − X 3	+
g + X 3	+

g (ν′′ = 0) transi-
tion of the collisional pair of oxygen molecules (O2)2 and
the b 1	+

g (ν′ = 2) − X 3	−
g (ν′′ = 0) band of O2. However,

the contribution of the latter is fairly small because the in-
strumental resolution (1.6 nm FWHM) is much larger than
the width of the absorption lines of this band. The O2 b–X

(2–0) band convoluted with the instrument function is shown
at the bottom of Fig. 5a. The dashed line shows the absorp-
tion profile of the collisional pair, which has been measured
in a previous study using CRDS [36]. The sum of these two
transitions (red line) agrees well with the observed absorp-
tion coefficient of 5.6×10−7 cm−1 at 630 nm. The Rayleigh
scattering cross section of nitrogen is about 10% larger than
that of oxygen [36], which produces a negative offset in the
oxygen spectra of Fig. 5. However, this contribution (about
1×10−8 cm−1) is so small that it was not taken into account
here. The error bars indicate the uncertainty in the absorp-
tion coefficient resulting from the uncertainty in the phase
angle measurement.

Figure 5b shows the SC-CEAS spectrum of pure oxygen
at 630 nm. For this measurement the cavity reflectivity was
again determined using PS-CRDS as described above. The
CEAS spectrum was recorded with a grating spectrometer

(Andor Shamrock 303i) and a cooled CCD camera (Andor
iXon DV887, 512 × 512 pixels). The 70 nm wide SC-CEAS
spectrum was recorded in 1 s. There is a good agreement be-
tween the CEAS and PS-CRDS spectra of (O2)2. In Fig. 5b
the standard deviation of the baseline is 7 × 10−9 cm−1,
which is better than for the higher resolution spectrum in
Fig. 3. This is expected because at the lower resolution of
Fig. 5b a larger number of photons reach the detector in each
spectral bin.

Both CRDS and PS-CRDS have their advantages and dis-
advantages. CRDS is very sensitive technique owing to the
precise determination of ring-down times and the immunity
against the intensity noise of the source. The main factors
determining the precision of PS-CRDS include the uncer-
tainties of the phase shift values, modulation frequency and
cavity length. The performance of PS-CRDS is typically
limited by the precision of the phase angle measurement [2].
Using a blue LED for NO2 sensing it has been shown, how-
ever, that PS-CRDS can achieve very good sensitivity [37].
On the other hand, CRDS can give visual information on the
quality of the cavity alignment, that is, whether the decay is
single or multi-exponential or if mode-beating effects take
place. This information can be useful during the alignment
of the optical cavity. A single-phase angle reading in PS-
CRDS does not give such information. However, some ad-
ditional information on the quality of the cavity alignment
and intensity decay of a PS-CRDS set-up can be obtained
by studying the phase shift as a function of the modulation
frequency [38]. Both this approach and the measurement of
the demodulation are well known methods in fluorescence
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Fig. 6 Phase shift of a nitrogen-flushed cavity measured at 630 nm
as a function of the modulation frequency f . The red line shows
a bi-exponential fit (N = 2 in (7)) to the experimental data (dots).
Dashed lines show the expected phase shifts due to single-exponential
decays corresponding to τ1 and τ2, respectively. The shaded area
shows the modulation frequency range used in this work

lifetime measurements [33]. In the case of multi-exponential
decay the phase angle can be expressed as:

tan θ(ω) =
−∑N

i

ωβiτ
2
i

ω2τ 2
i +1

∑N
i

βiτi

ω2τ 2
i +1

, (7)

where βi is the initial amplitude of the single-exponential
decay component i. The fractional steady-state intensity of
each decay component i can be defined as [38]:

γi = βiτi
∑N

i βiτi

. (8)

Figure 6 shows the tangent of the phase shift as a function of
the modulation frequency. The modulation frequency f was
limited to below 100 kHz by the frequency response of the
PMT preamplifier and the lock-in amplifier. It can be seen
that the response is well described by a bi-exponential fit
to the data. The lifetimes and steady-state fractions result-
ing from the fit are τ1 = 29.6 µs, τ2 = 0.8 µs, γ1 = 99.3%,

γ2 = 0.7%, respectively. The first lifetime τ1 corresponds
to the photon residence time in the optical cavity. The sec-
ond apparent lifetime is caused by the limited frequency
response of the PMT preamplifier. The −3 dB cut-off fre-
quency corresponding to τ2 = 0.8 µs is 199 kHz, which
agrees well with the nominal 200 kHz −3 dB frequency of
the PMT preamplifier (Hamamatsu, C7319).

In this paper we have used a non-confocal cavity geome-
try, which results in a densely spaced, quasi-continuous cav-
ity mode structure [39], and thus, even the 1st order AOTF
beam excites a large number of longitudinal cavity modes.
The supercontinuum beam was focused to the centre of the

cavity to prevent excessive excitation of higher order trans-
verse modes. Generally speaking, the excitation of multiple
cavity modes can cause mode beating and non-exponential
intensity decays [40–42]. However, in a non-stabilised cav-
ity, like the one used here, mode-beating effects tend to aver-
age out [40]. Recently, we have studied the direct recording
of ring-down times of 12 nm wide spectrally filtered sub-
ns supercontinuum pulses in a similar passive non-confocal
cavity [24]. In that work, the intensity decays were recorded
at 1550 nm using a fast 8 GHz photodiode and real-time
oscilloscope and were found to be essentially single expo-
nential for the non-confocal cavity employed.

5 Conclusions

A method has been developed for calibrating the effective
absorption length in broadband cavity enhanced absorption
spectroscopy using supercontinuum radiation. Both the re-
flectivity calibration of the cavity and the cavity enhanced
absorption measurement can be accomplished over a wide
spectral range using the same light source whilst maintain-
ing the same light coupling to the cavity. The resolution
of the PS-CRDS was 1.6 nm, more than sufficient to cali-
brate the smoothly varying cavity mirror reflectivity. Com-
mercially available supercontinuum sources and acousto-
optic filters permit extension of the PS-CRDS calibration to
cover spectral regions from the near-ultraviolet to the near-
infrared. The latter is particularly promising as many mole-
cules of analytical interest have their vibrational overtone
transitions in the near-infrared region.
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